ABSTRACT In applications of pulse-width modulation (PWM) rectifiers, the high quality of the DC power is required. The fluctuation of grid voltage and the switching of equipment connected to the DC supply are likely to cause a sudden change in the DC-link voltage, resulting in equipment instability or even damage. Considering the bandwidth of the closed-loop current dynamic, this paper presents a novel DC-link voltage control strategy of PWM rectifiers based on the reduced-order linear extended state observer (RLESO). Using a first-order RLESO to observe and even compensate the model variations caused by grid voltage and DC-link voltage fluctuations or load transients, the proposed method can effectively improve the dynamic performance against grid and load disturbances, as well as for sudden changes in DC-link reference voltage. Combined with frequency domain analysis, this paper theoretically analyzes the sensitivity, stability, and tracking performance of the proposed method, providing a basis for the selection of controller parameters. And finally, simulation and experimental results are presented to demonstrate its validity and the superiority over the traditional PI control strategy.
I. INTRODUCTION
Three-phase voltage-source PWM rectifiers have such advantages as sinusoidal grid current, adjustable DC-link voltage, operation at unit power factor and bidirectional energy flow [1] - [4] , which is of great research significance and application value. Usually, control schemes of the three-phase PWM rectifier consist of two control objectives: one for producing AC-line currents, and another to regulate the DC-link voltage [5] . Thus, double closed-loop PI control becomes the most commonly used control strategy for PWM rectifiers [6] - [8] . However, pulsations in DC-link voltage frequently occur during grid voltage fluctuations or load transients.
The static stability and dynamic response of DC-link voltage are extremely important for the quality of the PWM rectifier since it is utilized for several applications requiring the high quality of the DC power [9] . Although the effect of load disturbance can be eliminated under the action of the double closed-loop control structure, its hysteresis will cause
The associate editor coordinating the review of this manuscript and approving it for publication was Shaoyong Zheng. a large deviation of the DC-link voltage in an instant, which may adversely affect the dynamic performance of the system.
To improve the dynamic performance of the PWM rectifier against load disturbance, many scholars have conducted in-depth research and proposed corresponding improvement methods. Based on the double closed-loop PI control structure, an algorithm with load current feedforward was proposed in [10] . This algorithm quickly counteracts the influence of load disturbance by sampling the load current and introducing a feedforward control method, but the dynamic feedforward compensator that can fully compensate the load disturbance is difficult to implement in practical systems. Further, a control scheme based on the auxiliary current injection circuit has been presented in [11] , which can effectively mitigate the peak undershoot or overshoot caused by load transients in the DC bus. However, this method also needs additional current sensors and other circuits. In order to avoid additional costs of the current sensor, a load current observer was designed to achieve dynamic compensation of the load disturbance [12] , but the accuracy of the observer is greatly affected by current harmonics. For enhancement of dynamic response and observation precision, authors in [13] VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ introduced a full discrete sliding mode controller and a load current estimator with the low-pass filter, but more tuning parameters are required. Furthermore, several novel strategies have been put forward for PWM rectifiers under perturbations. A feedforward control method is presented in [14] , operating with input voltage and load current observers. The method can suppress the grid and load disturbance without additional sensors. However, its feedforward law includes division operation, which easily leads to voltage overshoot. The authors in [15] proposed a nonlinear active disturbance rejection control method, which has good effects in resisting grid voltage disturbance and load disturbance without current sensors, but the nonlinear controller is difficult to be analyzed or designed in frequency domain. Using the simplified model of the PWM rectifier in [16] , the internal model controller can improve the robustness and dynamic-response ability of the system, but its control effect is largely limited by the accuracy of the model. In [17] , the performance is increased by introducing the model predictive control to the double closed-loop control, but its computation is so large that this method is not suitable for engineering applications. Considering the nonlinearity of the model and the parametric uncertainties, a robust voltage tracking algorithm with variable sliding surface is presented to ensure the robustness of the system [18] , however, the algorithm has strong adaptive ability but high complexity.
Based on the linear active disturbance rejection control (LADRC) strategy proposed by Gao [19] , an observerbased controller is proposed to regulate the DC-link voltage of the AC/DC converters against capacitance parameter variation [20] . However, the authors neglect the influence of the current-loop bandwidth, which will affect the design of the observer. And if the influence of current loop is considered, a higher-order observer is necessary.
In this paper, another mechanism model is constructed to analyze the causes of DC-link voltage fluctuations. Considering the bandwidth of the closed-loop current dynamic, this paper presents a novel DC-link voltage control strategy of PWM rectifiers based on the reduced-order linear extended state observer (RLESO). Using a first-order RLESO to observe and even compensate the model variations caused by grid voltage and DC-link voltage fluctuations or load disturbance, the proposed method can effectively improve the dynamic performance against grid and load disturbances, as well as for sudden changes in DC-link reference voltage. Combined with frequency domain analysis, this paper theoretically analyzes the sensitivity, stability and tracking performance of the proposed method, providing a basis for the selection of controller parameters. And finally, simulation and experimental results are presented to demonstrate its validity and the superiority over the traditional PI control strategy. This method has only two tuning parameters with low complexity, and its control effect is much superior, which is of great application value. This paper is organized as follows. Section II shows the overall structure of a three-phase voltage source PWM rectifier. Section III indicates the traditional double closed-loop PI control strategy and its deficiencies. Section IV presents the LADRC control strategy for the DClink voltage. The estimation error, closed-loop sensitivity, stability and tracking performance are analyzed in Section V. In Section VI, the simulations and corresponding experimental tests are conducted to verify the validity and the superiority of the proposed method. Finally, Section VII concludes this paper.
II. PWM RECTIFIER SYSTEM
The circuit topology of the three-phase voltage-source PWM rectifier is shown in Fig. 1 , where u a , u b , u c and i a , i b , i c are the three-phase grid-side voltage and current respectively; L is the inductance for boosting and filtering; R is the sum of the switching loss resistance and the equivalent resistance of the filter inductance; v a , v b , v c is the fundamental AC voltage of the power device; i dc is the DC side current of the power device; u dc is the DC-link voltage; i L is the load current; R L is the load equivalent impedance; C is the filter capacitor of the DC bus.
The definition of switch function s k shows the state of each switch. s k = 1 indicates that the k-phase upper arm is turned on, and the lower arm is turned off. Contrarily, s k = 0 indicates that the k-phase upper arm is turned off, and the lower arm is turned on. Using the voltage and current Kirchhoff's law, combined with Clark and Park transformation [21] , the mathematical expression of the PWM rectifier in the two-phase synchronous rotating coordinate can be obtained, in which the d axis is oriented by the grid voltage vector.
where
ω is the angular frequency of grid voltage; and the corresponding components are transformed into the d-axis and q-axis components in two-phase synchronous rotating coordinate.
III. DOUBLE CLOSED-LOOP CONTROL STRATEGY
The voltage-current double closed-loop control methods are universally used in PWM rectifier. And among them, the PI control strategy becomes the most common one with its convenience.
A. TRADITIONAL DOUBLE CLOSED-LOOP PI CONTROL STRATEGY
Since i d , i q and U dc are DC signals, the traditional control method adopts the double closed-loop PI control strategy to realize the zero-static-error tracking of the PWM rectifier grid-side current and the DC-link voltage. However, it can be seen from (1) that there is still a coupling between i d and i q , so that these two currents cannot be controlled independently. After utilizing the feedforward decoupling control strategy [22] , the block diagram of the three-phase PWM rectifier control system is shown in Fig. 2 , where i * d , i * q and U * dc are the references of i d , i q and U dc , respectively. Ignoring the delay of voltage signal sampling, the overall block diagram of the three-phase PWM rectifier double closed-loop control system is shown in Fig. 3 , where m is the SVPWM modulation factor (m = √ 3U m /U dc ≤ 1), U m is the peak value of phase voltage [10] , [23] , and the PI controller parameters can be tuned according to the typical type II system [13] . Particularly, W ci (s) is the equivalent closed-loop transfer function of the current inner loop, which can be approximated as an inertia link.
B. DEFICIENCIES OF THE TRADITIONAL PI CONTROL STRATEGY
In view of Fig. 3 , the model of the controlled object of the voltage outer loop can be described by the following equation:
Equation (2) shows that the model parameters of the voltage-loop object are varied, which is related not only to the grid voltage and load magnitude, but also to the DC-link voltage. These characteristics of the model make the DC-link voltage appear large deviation in an instant when the grid voltage or load is abrupt, which adversely affects the dynamic performance of the system. Meanwhile, the static gain is so relevant to the DC-link voltage that the fixed parameters of PI controller cannot guarantee the tracking performance of the system for different tracking tasks. The real-time adjustment of PI parameters according to actual control tasks is not only cumbersome, but also unintelligent. The traditional load current and grid voltage feedforward method can better solve the impact of grid voltage fluctuation and load disturbance, but it cannot overcome the difficulty of control performance deterioration due to DC-link voltage variation.
IV. ACTIVE DISTURBANCE REJECTION CONTROLLER DESIGN IN VOLTAGE LOOP
Considering the bandwidth of the closed-loop current dynamic, this paper proposes a linear active disturbance rejection controller to solve the aforementioned problems, thereby further improving the anti-disturbance performance of the system. The specific process is as follows:
As the current i d is measurable, the controller can be directly designed for the first-order system (2) to reduce the complexity of the observer. It can also avoid observing and compensating the differential signal of the DC-link voltage.
Reference [24] indicates that LADRC is more sensitive to the influence of control input gain uncertainty, and the improper selection of gain b 0 will reduce the stability margin. In order to ensure the stability of the system under the action of unknown disturbance, the selection of b 0 is as
Then, the control input gain ratio K is
where b * 0 is the practical gain of the control input. For the system shown in (2), its state space expression can be expressed as follow:
where u = i d and y = U dc .
Regard the items with R L and m as disturbance term f , and define
where the parameter a is only related to the access load R L , and the parameter b is only related to the peak value of phase voltage U m and the output DC-link voltage U dc .
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Meanwhile, the disturbance term f is expanded to a new state variable x 2 , which is recorded as
Then, (5) can be expanded into a second-order system.
where x 1 and x 2 are the state variables, and h(t) is the differential term of the disturbance f , which is bounded.
Since the state variable x 1 can be measured directly, such a RLESO can be designed [25] :
where z is the state variable of the observer, z 2 is the observed value, and ω o represents the bandwidth. Using RLESO, we can realize the estimation of the disturbance x 2 (as evidenced in Section V-A). Namely, we have
where s denotes the differential operator in the complex frequency domain. Considering the influence of the current loop bandwidth, the control law is designed as the following equation:
Then, the transfer function of generalized controlled object can be approximated as
where W ci (s) ≈ ω i / (s + ω i ), and ω i is the equivalent bandwidth of the current inner loop. Choose u 0 as the output of a simple proportional controller P, i.e.,
where r is the reference signal and k p is the proportionality factor. Substituting Eq. (10) and (13) into (11), we have
Thus, the closed-loop deviation transfer function E(s) can be expressed in the following equation:
where For a step reference, the steady-state error of the system is
It can be seen from (16) that zero-static-error tracking of DC-link voltage can be realized by using a simple proportional controller P. Through the above control strategy, not only can the traditional control mode be simplified, but also the effects of grid or DC-link voltage fluctuation and load disturbance can be better compensated, so that the PWM rectifier can achieve better control performance in different working conditions. Similarly, the parameters of the proportional controller P can be selected as
where ω c is the bandwidth of the controller. Fig. 4 shows the overall control block diagram. In order to ensure the observation performance of the RLESO, the following restriction is imposed on its bandwidth in this paper: ω o < ω i , where the well-tuned current loop bandwidth is ω i ≈ 1/(3T s ), according to the typical type I system [26] , and T s is the switching period.
V. LADRC PERFORMANCE ANALYSIS
The performance of the RLESO is critical to the estimation and compensation of the disturbance, and the stability is the basis of the LADRC performance. In this section, it will be analyzed.
A. ESTIMATION ERROR ANALYSIS OF RLESO
With (9) and Fig. 4 , the structure block diagram of RLESO can be obtained, as shown in Fig. 5 , where each signal corresponds to Fig. 4 . The transfer function of z 2 can be easily obtained from Fig. 5 , as shown in (18) .
Let the tracking error be e 2 = z 2 − f and substitute (18) in it, we have
In consideration of the actual system operation, without loss of generality, approximate y and u as step signals, then the steady-state error of RLESO is
Equation (18) and (20) show that the stability of RLESO can be guaranteed if ω o > 0 is satisfied. Moreover, RLESO can estimate the disturbance term f without static error, and its estimation speed becomes faster as the observer bandwidth ω o increases. But as ω o increases, the introduced noise or harmonics will also increase.
B. CLOSED-LOOP SENSITIVITY ANALYSIS WITH RLESO
From Section IV, we can see that by introducing RLESO, the original uncertain system can be transformed into an approximate integrator chain system with definite parameters, and then the system can be effectively controlled by a proportional controller. However, RLESO's modification of the system model is not full-band, and its approximate quality is related to the bandwidth of RLESO. In order to evaluate the impact of the system parameters after the modification, a detailed analysis of the closed-loop sensitivity will be provided with the influence of closed-loop current dynamic considered.
Using (7), (8) and (18), with Fig. 5 , the block diagram from the control law u 0 to the output y can be described as Fig. 6 .
Define k b = b/b 0 , we can easily get the transfer function between u and u 1 , as
Then, an equivalent block diagram can be obtained, as shown in Fig. 7 . Similarly, the closed-loop transfer function between u 0 and y can be written as
Therefore, the closed-loop transfer function of the PWM rectifier system with the proposed control strategy is
In Fig. 8 , the Bode diagram is shown. We can find that there is no striking difference in closed-loop frequency characteristics with different ω o . And the dynamic performance of the system is practically determined by the parameter k p . However, a group of resonance peak exists as k p increases, which will cause the system output to overshoot and even oscillation.
When the observer bandwidth satisfies ω o −a, we have
which can be approximated as
Equation (25) shows that when the frequency ω is much smaller than ω o , the influence of the parameter a or b is almost negligible, namely, the speed of offsetting model parameters is directly related to ω o . To further evaluate the impact of the model parameters with the proposed control strategy, we calculate the sensitivity S a of G u to parameter a and the sensitivity S b of G u to parameter b, as 
The Bode diagram of the sensitivity functions (26) and (27) are shown in Fig. 9 and Fig. 10 , respectively. Fig. 9 and Fig. 10 show that the sensitivity S a and S b are decreasing as ω o increases. However, the greater the ω o , the less obvious the effect will be, and the characteristics of high-frequency section will even slightly deteriorate. Meanwhile, it is also found that the larger k p , the smaller the sensitivity S a or S b .
From the above analysis, the following conclusions can be deduced, which provide a basis for the selection of controller parameters.
(1). The dynamic performance of the closed-loop system is practically determined by parameter k p .
(2). When k p is chosen, we can further improve the robustness of the system by adjusting the parameter ω o .
(3). The robustness can also be further enhanced with a larger k p . 
C. CLOSED-LOOP STABILITY ANALYSIS OF LADRC
As W ci (s) = ω i / (s + ω i ), substituting (17) and (22) into (23) gives:
From Routh stability criterion, the necessary and sufficient condition for the stability of (28) is
Since a < 0, k b ∈ (−1, 0], and ω c > 0, ω o > 0, ω i > 0, we seem to easily get
Then the stability condition is simplified to 
we have
(33) Therefore, for any parameter that satisfies the above conditions, (33) is valid and the stability condition of the system is satisfied. Namely, the system can guarantee its stability regardless of the designed parameters.
D. ANALYSIS OF CLOSED-LOOP TRACKING PERFORMANCE
For comparison purposes, a proposed controller and a traditional PI controller are designed with the same criterion in the initial condition (R L = 150 , U dc = 650V, U m = 311V), respectively. Here, we choose the criterion as the same frequency characteristics within closed-loop bandwidth to keep the same dynamic performance. And the bandwidth is set to achieve smooth, fast and non-overshooting step response. Fig. 11 gives the comparison curves of the two controllers in the initial condition. It can be seen that dynamic performance of the two strategies are exactly the same. To a certain extent, the fairness of comparison can be guaranteed. In order to demonstrate the superiority of the proposed method, the open-loop Bode diagram of the system in another three different working conditions is drawn. And the comparison curves are as shown in Fig. 12 and Fig. 13 , where R L = 150 , U dc = 650V, U m = 311V is the initial condition.
As the working condition changes, the open-loop Bode diagram of the system changes obviously under PI controller, especially when R L = 75 , U dc = 650V, U m = 311V, the low-frequency gain is significantly reduced, as shown in Fig. 12(a) . However, for LADRC method, the frequency characteristics of the system remain unchanged (see Fig. 12(b) ). From the corresponding step response (Fig. 13) , the response speed is obviously slower with PI control strategy after the condition changes, and it is especially sensitive to the load variation. While the proposed LADRC control strategy can still ensure better tracking performance with a rather similar stability margin.
The above analysis and comparisons prove that the proposed method has better control effect over the PI controller under the same condition of bandwidth.
VI. SIMULATION AND EXPERIMENTAL RESULTS ANALYSIS
To demonstrate the validity and the superiority of the proposed method, we built a simulation model of the three-phase voltage-source PWM rectifier in MATLAB/ VOLUME 7, 2019 Simulink environment. The system parameters are depicted in Table 1 .
The d-axis or q-axis current is controlled by a PI controller, and the proposed LADRC control strategy is used in voltage loop. Similarly, the d/q-axis current and DC-link voltage are controlled by PI control strategies, as a control group.
In order to make a fair comparison, the current-loop controller parameters of the two groups are the same, and the DC-link voltage controllers are designed with the identical bandwidth 570rad/s. For the LADRC controlled PWM rectifier system, the control parameters are k p = 0.135 and ω o = 1600rad/s. For the PI controlled system, the proportional and integral coefficients are 0.16 and 7, respectively. The above parameters are tuned in the working condition R L = 150 , U dc = 650V, U m = 311V. To better compare the performance of the two control strategies, the relevant simulations and experiments are carried out in this paper.
A. SIMULATION ANALYSIS 1) OBSERVATION PERFORMANCE OF RLESO
To test the observation performance of RLESO on disturbance f , the corresponding simulation is carried out here. The response curve of the observed value z 2 is shown in Fig. 14 . Regardless of the conditions in which the PWM rectifier operates, the output value z 2 of RLESO accurately follows the disturbance f with a good dynamic, and the estimation error is small. It also shows that the designed RLESO has good observation performance.
2) TRACKING PERFORMANCE AND ANTI-DISTURBANCE PERFORMANCE
In order to show the effectiveness of the proposed method, the loading, reference variation and deloading simulations are performed in sequence after the DC-link voltage is stabilized. Notice that the DC-link voltage may has a peak overshoot caused by active power disturbances and, therefore, trigger the protection if not controlled properly. Thus, we test the anti-disturbance performance of the system at the maximum reference 700V, and U m remains unchanged. The corresponding response of the DC-link voltage is shown in Fig. 15 . Both LADRC and PI control strategy drive the DC-link voltage to the reference of 650V in 0.01s (the same initial step response). Therefore, the fairness of the comparison is guaranteed. And a detailed analysis of their performance will follow.
Specific analysis: Fig. 16 shows that when loading (50%) at 0.4s, it takes only 0.01s for LADRC to restore the DC-link voltage to the reference value, while the PI controller needs 0.12s. Moreover, the DC-link voltage drop for ADRC controlled system is only 1.46%, which is less than the voltage drop with PI controller (4.40%).
When the DC-link voltage returns to the steady state value, a step change of 50V is applied at 0.6s (from 650V to 700V), the step responses are presented in Fig. 17 . We can see that After the new steady state is established, the load is shedding (50%) at 0.8s (see Fig. 18 ). Similarly, under the action of LADRC, the DC-link voltage can be restored to the reference within 0.01s, and the peak voltage is about 711.1V (overshoot 1.59%). However, it takes 0.1s for the voltage to return to the steady-state value with the PI controller, and the peak voltage reaches 734.8V (overshoot 4.97%), which is closer to the overvoltage protection value.
3) ROBUSTNESS AGAINST GRID VOLTAGE FLUCTUATION
To demonstrate the robustness against grid voltage fluctuation, the corresponding simulations are conducted with the same initial step response, as shown in Fig. 19 , where the purpose of loading is to compare the performance of the system against grid voltage disturbance under different loads (no more analysis here).
In Fig. 19(a) , the waveform of the grid voltage is given. It is seen that the grid voltage fluctuation occurs at 0.3s or 0.7s. And Fig. 19(b) shows that before or after loading, the voltage fluctuation of the grid has little effect on the DC-link voltage of LADRC. The undershoot and overshoot of the DC-link voltage are less than 2V, and the recovery time is only 5ms. While the voltage overshooting of PI controller is 3V, which needs 50ms to return to the reference. Moreover, the robustness of PI controller against grid voltage fluctuation is significantly deteriorated after loading, the voltage drop reaches 5V, and the recovery time increases to 100ms.
B. EXPERIMENTAL VERIFICATION
To further evaluate the effectiveness of the proposed method, several experiments are carried out in the actual system. The experimental platform is shown in Fig. 20 . The prototype includes a DSP control board with sampling circuits, a gridside inductor filter, a DC power supply (24V), an electric parameter tester, and an inverter main circuit which consists of an IGBT inverter bridge, PWM driver, a DC-link capacitor (withstand voltage 800V), voltage and current sensors, etc.
1) REFERENCE AND LOAD VARIATION EXPERIMENTS
Correspondingly, in order to verify the tracking performance and anti-load-disturbance performance, we perform loading, 
2) DETAILED EXPERIMENTAL PROCEDURES
To ensure the fairness of the comparison, the initial step responses of LADRC or PI control strategy are adjusted to be the same. It can be seen from the experimental results in Fig. 22 that the DC-link voltage can reach 650V from the initial value of 600V within 10ms, achieving nonovershooting tracking.
After the system is running stably, the loading experiment is carried out. It can be seen from the experimental waveform (Fig. 23) that it takes less than 10ms for LADRC to restore the DC-link voltage to 650V, while the PI controller takes nearly 60ms. And when the LADRC control strategy is adopted, the drop of the DC-link voltage is only 18V (undershoot 2.769%), but the voltage drop of the PI controller reaches 34V (undershoot 5.231%).
Subsequently, a reference variation experiment is performed and the DC-link voltage setpoint changes from 650V to 700V. The experimental results in Fig. 24 show that the DC-link voltage of LADRC can reach 700V in only about 10ms, while the DC-link voltage obtained by PI controller needs 40ms.
Similarly, after the new steady state is established, the system is subjected to load shedding experiments, as shown in Fig. 25 . The DC-link voltage under LADRC can still return to the reference within 10ms, with the peak value about 716V (overshoot 2.286%). However, the voltage under PI control needs 60ms to return to the steady-state value, and the peak value is up to 744V (overshoot 6.286%), which is obviously higher than the former.
3) GRID VOLTAGE VARIATION EXPERIMENT
In addition, to verify the robustness against grid voltage fluctuations, we supplement the grid voltage surge and sag experiments, and Fig. 26 shows the experimental waveform, where CH1: DC-link voltage (50.0V/div), CH2: grid-side phase voltage (500V/div), CH3: AC-side phase current (20.0A/div).
The experimental results shown in Fig. 26 are similar to simulations. For grid voltage fluctuations, there is no appreciable ripple in the DC-link voltage of LADRC. However, the voltage overshooting of PI controller is 3V before loading, and the robustness of PI controller against grid voltage fluctuations is significantly deteriorated after loading, the drop of the DC-link voltage is up to 6V, meanwhile, the recovery time is also much longer. From all the simulation and experimental results above, we can see that the traditional PI control strategy cannot guarantee the control performance of the system in different working conditions, which is reflected in sensitivity to grid voltage and DC-link voltage fluctuations or load disturbance. Compared with the traditional PI controller, the proposed LADRC control strategy can better ensure the tracking performance of the system under different reference. In addition, the dynamic performance against load disturbance is significantly improved, which not only enables the DC-link voltage to quickly return to the steady-state value, but also effectively suppresses its undershooting and overshooting. Moreover, the robustness against grid voltage fluctuations of the proposed LADRC strategy is also better, and this performance can be maintained for different loads.
VII. CONCLUSIONS
In this paper, a novel DC-link voltage control strategy is proposed for the three-phase voltage-source PWM VOLUME 7, 2019 rectifier system. Through the analysis of the frequency characteristic, the selection of controller parameters is provided. To demonstrate the validity and the superiority of the proposed method, simulation and experiments are carried out. And the results show that the proposed LADRC control strategy not only can effectively ensure the tracking performance of the system under different conditions, but also has stronger robustness against grid voltage fluctuations and load transients. This method has the advantages of less computation and simple parameters tuning, and its control effect is far superior to the traditional PI control strategy. Moreover, it can be effectively applied to rectifier systems to achieve high quality of the DC power, which is of great significance for practical engineering applications. 
